Small-size ac magnetic-field sensors are used for nondestructive testing (NDT), magnetic particle detection, and other applications, which require high spatial resolution. Up to now, inductive coils dominated this area, as their sensitivity at kHz frequencies, is superior to other magnetic sensors. However, some applications, such as magnetic imaging through conducting sheath, require lower working frequencies, in extreme case units of Hz. We successfully replaced inductive coils by an AMR sensor in NDT application and for distance measurement. In this paper, we compare designs of miniature ac magnetic field sensors, their achievable frequency characteristics, dynamic range, and noise parameters.
I. INTRODUCTION
C OMPARISON of magnetic sensors of different technologies was recently done by Robbes in [1] . He used energy resolution-volume criterion and concluded that SQUID and SERF achieve the best resolution. However, these sensors are not practical for the industrial applications such as nondestructive testing (NDT).
In this paper, we compare commonly available small-size room temperature sensors: an induction coil with 8 mm long ferrite core ( Fig. 1 ) and commercial fluxgate and AMR sensors. The selected sensors have comparable dimensions of the casing rather than the sensing element size. This is a practical criterion for the design of gradiometers or multiple sensor detectors. Dimensions of the sensing element, however, influence the spatial resolution of the sensor, an important requirement, e.g., in NDT applications, in position sensing, and in the detection of small ferromagnetic or superparamagnetic objects. Gruger [2] describes an array of planar fluxgate sensors for NDT. The sensors are 1 mm long and they have 0.5 mm pitch. Vertesy and Gasparics [3] used a similar sensor with time-output and unipolar excitation. Butin et al. [4] and Dolabdjian et al. [5] replaced induction coil in a pulsed eddy current system by GMR sensors. We have used an AMR sensor instead of the induction coil in the eddy-current position and distance sensor [6] .
In this paper, we compare sensor noise at low frequencies, i.e., DC to 1 kHz following the study we made on AMR sensors [7] . In this frequency range, the sensor noise is the limiting factor for NDT applications. Similar study of magnetoresistive sensors was made by Stutzke et al. [8] .
II. INDUCTION COIL Induction coils are traditionally used in geophysics to measure magnetic field variations [9] . An induction coil can reach a resolution of fluxgate sensors at 1 Hz, but the dimensions and weight of such a coil is usually large [10] , [11] .
In the position detectors with moving magnets, induction sensors have been replaced by Hall and AMR sensors, which have speed-independent signal. However, induction coils are the most popular sensors in eddy current position sensors and NDT systems. Induction coils can be used either in the voltage output mode or in the current output mode. Theoretical model and real data comparison of a coil with the same instrumentation amplifier INA163, which was used here, are given in [12] .
An induction coil with 2000 turns and 8 mm × 1 mm ferrite core was developed in our laboratory and successfully tested in vivo as an inductive distance sensor to monitor gastric motility [13] . The coil is wound with a 0.035 mm diameter copper wire and its resistance R s is 200 .
After inserting the ferrite core, the coil inductance L s was increased by the factor of 13 (from 1.4 to 18.6 mH) and the sensitivity increased by the factor of 12 at all frequencies. These are lower values than the theoretical apparent permeability of 50 according to [14] . One explanation of this discrepancy may be the influence of the real coil geometry.
The frequency dependence of the sensitivity of voltage output coil is shown in Fig. 2(a) . The resonance peak of the 0018-9464 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. cored coil is caused by coil self-capacitance in parallel with inductance. The theoretical disadvantage of the induction coil with voltage output is its strong frequency dependence of sensitivity. The coil with current output is theoretically frequency independent for frequencies higher than
However, for small induction coils, this frequency is very high. The real frequency characteristics of the current output coil with and without a core are shown in Fig. 2(b) . For the cored coil and the current output, the measured cutoff frequency corresponds to the theoretical value f c = 1.7 kHz for L s = 18.6 mH. For the air coil, the calculated f c is 23 kHz. Fig. 3 compares three conditioning circuits connected to the cored induction coil to select the optimal method of signal processing. Transimpedance amplifiers with INA163 and LT1028 were used for the current output. The value of the conversion resistor is 6 k . The coil in the voltage output mode was connected to a voltage amplifier with INA163 with the gain of 1000. From the measured characteristics, we may conclude that for this type of the induction coil, voltage amplification is the best to achieve minimum noise. contribution from the current noise is negligible. The noise model is based on datasheet data. The theoretical white noise of the coil is mainly determined by the thermal noise voltage of the coil resistance and the white noise region U n of the voltage noise of the amplifier; for R s = 200 , U n = 1 nV/ √ Hz, room temperature T, and Boltzmann constant k, the combined white noise results in
The measured value is 2.3 nV/ √ Hz. As the measured voltage noise with and without core is identical, the contribution of the magnetic noise of the core is negligible. Noise recalculated to the field units is shown in Fig. 4(b) . It is clear that due to the frequency dependence of the sensitivity, the noise decreases with frequency monotonically. The achieved noise level with the cored coil is 0.8 nT/ √ Hz@10 Hz and 22 nT/ √ Hz@1 Hz. The cored induction coil has a field amplitude range limited by the saturation of the core to 5 mT. Compared with that, the upper field range of the air coil is only limited by the output amplifier. In our case, the maximum measurable field on the high-resolution range is 1 mT. This field range can be further extended even over 1 T by decreasing the amplifier gain.
We also tested signal processing by analog integrator : homemade using LT1028 and commercially available Lakeshore 480. Due to the high resistance of the induction coil, the value of feedback capacitor should be about 1 μF and resulting sensitivity is very low.
III. INDUCTION COIL AS A SINGLE ROD FLUXGATE
The described miniature induction coil can be turned into the fluxgate sensor. The advantage of this unusual sensor is that it has only one winding. Setup for the fluxgate mode measurement is shown in Fig. 5 . The sensor is excited in the voltage mode using 20 V p-p /2.3 kHz sinusoidal voltage. The capacitor C serves to decouple any dc component in the Sensor current with higher harmonics due to core saturation (upper trace, 2 mA/div) and generator voltage (lower trace, 5 V/div). excitation and to increase the excitation current amplitude by tuning.
The generator voltage and the corresponding sensor current are shown in Fig. 6 . The excitation current was 8 mA p-p . When the external dc field is present, second-harmonic component appears in the excitation current. This second harmonics is measured as a voltage drop across the 10 sensing resistor by the SR865 lock-in amplifier. At higher frequencies, most of the noise in the setup comes from the amplifier in this case considering the large feedthrough of the excitation signal to the output current.
Sensitivity dependence on the frequency of the excitation current was measured for constant excitation voltage of 20 V p-p (Fig. 7) , and for the noise measurement, an excitation frequency of 2.3 kHz in the high-sensitivity region was selected.
Comparing the noise of fluxgate mode and induction mode (Fig. 8) , a crossing of the two characteristics at around 10 Hz indicates the suitability of each mode for a specified frequency region: for frequencies from DC to 10 Hz, the recommended sensor mode is fluxgate, for higher frequencies induction coil.
IV. COMPARISON WITH COMMERCIAL SENSORS
We compared the performance of the developed sensors with sensors available on the market. The results are shown in Fig. 9 and a summary of parameters is given in Table I. HMC2003 is a three-axis magnetic sensor module manufactured by Honeywell, which contains AMR sensor HCM1001 with instrumentation amplifier and a biasing source. The measured noise at 10 Hz is 250 pT/ √ Hz. No flipping (set/reset of the magnetic state) was applied. However, for practical applications, the sensor should be periodically remagnetized ("flipped") to ensure zero stability.
The same AMR sensor HMC1001 was characterized with enhanced electronics in [7] . The sensor was flipped at 10 kHz with an amplitude of 3.6 A p-p and connected to a low-noise instrumentation amplifier AD8429 with a gain of 100. The biasing voltage was 5.5 V. After synchronous demodulation, the noise at 10 Hz is 65 pT/ √ Hz. A serious limitation of the AMR sensors is their limited dynamic range. In this case, the maximum measurable field is 0.2 mT.
The last sensor in this comparison is integrated fluxgate DRV425 manufactured by Texas Instruments. This device has both microfabricated fluxgate and complete electronics on a single CMOS-chip. We have used it in recommended circuit connection and 5.1 ohm shunt resistor to measure feedback current [15] . The measured noise is 1.5 nT/ √ Hz@10 Hz. The maximum field range is 2 mT, which is 10 times the range of the AMR sensor.
V. CONCLUSION
In this paper, we compared the noise performance of smallsize magnetic sensors suitable for NDT testing. With the exception of DRV425, the tested sensors work in open-loop. We describe small-size induction coil with high field range and noise level of 0.8 nT/ √ Hz@10 Hz. At lower frequencies, the fluxgate mode of the same sensor is preferable, which at 1 Hz achieves already about 20 times better noise. Many industrial applications require high field range. From this point, the integrated fluxgate DRV425 offers the range of 2 mT, which is 10 times higher than that of AMR sensors. Our induction sensor works up to 5 mT with core and >1 T without the core.
